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Diffusion of Nodal Signaling Activity
in the Absence of the Feedback Inhibitor Lefty2
secreted signaling molecules has been well character-
ized in Drosophila (Lawrence and Struhl, 1996; Podos
and Ferguson, 1999). In the wing imaginal disc, for exam-
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Nodal is a potent signaling molecule that belongs toThe Netherlands Cancer Institute
the transforming growth factor- (TGF-) family of pro-Plesmanlaan 121
teins and controls several morphogenetic events in ver-1066 CX Amsterdam
tebrate embryos. During gastrulation, Nodal is requiredThe Netherlands
for the generation and patterning of the mesoderm.
Thus, mouse mutants that lack Nodal fail to develop
the primitive streak (Conlon et al., 1994). Nodal also
Summary contributes to neural patterning, anterior development,
and establishment of left–right (L–R) asymmetry (Levin
The role of Lefty2 in left–right patterning was investi- et al., 1995; Collignon et al., 1996; Lowe et al., 1996;
gated by analysis of mutant mice that lack asymmetric Varlet and Robertson, 1997; Rebagliati et al., 1998; Sam-
expression of lefty2. These animals exhibited various path et al., 1998). At the early somite stage, nodal is
situs defects including left isomerism. The asymmetric asymmetrically expressed in the left portion of the lateral
expression of nodal was prolonged and the expression plate mesoderm (LPM). Nodal acts as a left-side deter-
of Pitx2 was upregulated in the mutant embryos. The minant by inducing the expression of the homeobox
absence of Lefty2 conferred on Nodal the ability to gene Pitx2, the product of which executes the asymmet-
diffuse over a long distance. Thus, Nodal-responsive ric morphogenesis of primordia of visceral organs (for
genes, including Pitx2, that are normally expressed on a review see Capdevila et al., 2000). Although the Nodal
the left side were expressed bilaterally in the mutant signaling pathway has not been fully characterized, ge-
embryos, even though nodal expression was confined netic evidence suggests that it includes extracellular
cofactors belonging to the EGF-CFC family, Activin re-to the left side. These results suggest that Nodal is a
ceptors, and the signal transducers Smad2 and Smad3long-range signaling molecule but that its range of
(Schier and Shen, 2000). In response to ligand binding,action is normally limited by the feedback inhibitor
Activin receptors phosphorylate the COOH-terminal re-Lefty2.
gions of Smad2 and Smad3, and these phoshorylated
proteins then translocate to the nucleus, associate with
Introduction transcription factors such as FAST2, and thereby regu-
late gene transcription.
The establishment of distinct cellular identities within Lefty2, an atypical member of the TGF- family, is
a field of equivalent precursor cells is a fundamental expressed in nascent mesoderm at gastrulation and in
process in the generation of complex patterns during the left LPM at the early somite stage (Meno et al., 1996,
embryogenesis. Secreted signaling molecules play an 1997). The expression domains of lefty2 are adjacent to
important role in this process by instructing cells to or overlap with those of nodal (Varlet et al., 1997), and
adopt specific fates. Pattern formation in response to genetic evidence suggests that Lefty2 acts as a feed-
back inhibitor of Nodal signaling (Meno et al., 1999). The
expression of lefty2 in the left LPM is conferred by an5Correspondence: hamada@imcb.osaka-u.ac.jp
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asymmetric enhancer (ASE) that is activated by Nodal LPM at the early somite (three- to five-somite) stage
signaling (Saijoh et al., 2000). Mouse null mutants of (Figure 1F). In lefty2ASE/ASE embryos, lefty2 expression
lefty2 exhibit gastrulation defects as a result of in- was preserved in the posterior mesoderm (Figure 1E).
creased Nodal signaling (Meno et al., 1999). Nodal sig- In contrast, the asymmetric expression of lefty2 at the
naling is required in zebrafish for expression of the lefty- early somite stage was completely eliminated in the LPM
related gene antivin, and conversely, Nodal signaling as well as in the prospective floor plate (PFP) of the
is blocked by Antivin at gastrulation. In Xenopus, the lefty2ASE/ASE embryos (Figure 1G). These results demon-
product of Xatv (Xenopus lefty-related antivin) is thought strated that the lefty2 ASE is essential for the asymmetric
to act as a feedback inhibitor of Xnr1 in the left LPM expression of this gene. Whereas lefty2 null embryos
(Cheng et al., 2000). However, the precise role of Lefty2 accumulate abundant mesoderm from the late streak
in L–R patterning in the mouse remains unknown be- stage (Meno et al., 1999), lefty2ASE/ASE embryos did not
cause of the early defects apparent in lefty2 null mu- develop gastrulation defects and developed to term.
tants.
To elucidate the role of lefty2 in L–R axis formation Lefty2 Deficiency Results in Visceral Defects
and to circumvent the early gastrulation defects of lefty2 Including Left Isomerism
null mutants, we have now deleted the lefty2 ASE by Although the lefty2ASE/ASE mice developed to term, two-
targeted mutagenesis. This strategy averted gastrula- thirds of them died within a few days after birth (/,
tion failure and eliminated asymmetric lefty2 expression 67/189; ASE/, 105/189; ASE/ASE, 17/189 wean-
at the early somite stage. Analysis of these mutant mice ing-age animals from heterozygote intercrosses). To
established that Lefty2 serves as a feedback inhibitor identify the cause of neonatal lethality, we subjected
of Nodal signaling during L–R pattern formation in the 50 lefty2ASE/ASE mice to postmortem analysis at birth.
LPM. Moreover, we have unveiled an important property Various visceral malformations, including left isomerism,
of Nodal: the ability to diffuse over a large distance in were apparent in various combinations in the homozy-
the absence of Lefty2. Our data thus provide an example gous mutants.
of a feedback inhibitor that is able to restrict the duration In the thorax, malformations were apparent in the
and region of action of an instructive signal in mammals. heart and the great vessels. In wild-type animals, the
shapes of the left and right atria differ (Figures 2B and
Results 2C); the appendage of the right atrium exhibits a broad
junction with the venous component of the atrium,
Deletion of the lefty2 ASE Eliminates L–R whereas the junction of the left appendage with the
Asymmetric Expression of lefty2 venous component is narrowed (Seo et al., 1992; Meno
Mouse lefty2 null mutants exhibit severe gastrulation et al., 1998). In contrast, among the 50 lefty2ASE/ASE mice
defects and die before the role of Lefty2 in formation of examined, 6 animals showed atrial left isomerism (Fig-
the L–R axis can be examined (Meno et al., 1999). To ures 2H and 2I). The pulmonary trunk in wild-type mice
circumvent these early gastrulation defects and to reveal is positioned ventral left relative to the aorta (Figure
the role of lefty2 in L–R axis formation, we adopted a 2A). Of the 50 lefty2ASE/ASE mice examined, 8 animals
strategy to delete selectively the enhancer that is re- exhibited the two great arteries positioned side by side,
quired for the asymmetric expression of lefty2. We have
and in 4 animals the aorta was positioned ventral to the
previously shown that whereas left-sided expression of
pulmonary artery (Figure 2G). Whereas the apex of the
lefty2 at the early somite stage is regulated by the asym-
normal heart points to the left (levocardia), this structuremetric enhancer (ASE), the expression of this gene at
pointed to the right (dextrocardia) in a small proportionearlier stages of development is mediated by a different
(3/50) of lefty2ASE/ASE mice (Figure 2M). The hearts ofenhancer (Saijoh et al., 1999). We designed a targeting
wild-type (Figure 2F) and mutant mice were further ex-vector to replace the 0.5 kb ASE region with a loxP-
amined by sectioning. Severe cardiac defects, includingpGKneo-loxP cassette (Figure 1A). The targeting vector
transposition of the great arteries (2/8) (Figure 2L), dou-was introduced into embryonic stem (ES) cells, and chi-
ble outlet of the right ventricle (3/8) (Figure 2Q), tricuspidmeric mice were generated with the use of ES cells
atresia (1/8), a single (left) ventricle (1/8), and a commonshown to have undergone homologous recombination
atrioventricular canal (1/8), were observed in mutants(Figure 1B). The neo gene was excised by crossing the
with aberrant positioning of the great arteries. Thesechimeric animals with transgenic mice expressing the
heart malformations are likely responsible for the neona-Cre recombinase (Sakai and Miyazaki, 1997). Heterozy-
tal lethality in lefty2ASE/ASE mice, given that they weregotes harboring the lefty2ASE allele were thus obtained
not detected in the mutant animals that survived to theand appeared normal.
adult stage.Crossing of heterozygotes gave rise to lefty2ASE/ASE
Positional defects were also apparent in the abdomenneonates without a loss (/, 13/39; ASE/, 16/39;
of lefty2ASE/ASE mice. In wild-type mice, the colonASE/ASE, 10/39) (Figure 1C), suggesting that the ho-
crosses the ventral side of the duodenum as a result ofmozygous mutation is not embryonic lethal. To confirm
an anticlockwise rotation of the midgut loop (Figure 2E).that the asymmetric expression of lefty2 was selectively
In some (13/50) lefty2ASE/ASE mice, however, the colonabolished in lefty2ASE/ASE embryos, we examined lefty2
failed to cross the duodenum (Figure 2K), suggestingexpression by whole-mount in situ hybridization. As in
that the midgut rotation did not occur properly. Whereaswild-type embryos (Meno et al., 1997), lefty2 was sym-
the portal vein passes dorsally relative to the duodenummetrically expressed in the nascent mesoderm of lefty-
in normal mice, this vein passed ventrally to the duode-2ASE/ heterozygotes during gastrulation between em-
num in some (6/50) lefty2ASE/ASE mice (Figure 2P). Thebryonic day (E) 6.5 and E7.5 (Figure 1D); lefty2 expres-
sion disappeared after E7.5, but it reappeared in the left left-sided inferior vena cava is connected to the azygos
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Figure 1. Generation of Mutant Mice Lacking
the lefty2 ASE
(A) Targeting strategy. The lefty2 ASE (circle)
is located 5 kb upstream of the translation
initiation codon; lefty2 exons are represented
as numbered solid boxes. The ASE was re-
placed with a loxP-flanked neomycin resis-
tance gene (neo) by homologous recombina-
tion in ES cells. H, HindIII; E, EcoRI; B, BamHI;
DT, diphtheria toxin A.
(B) Southern blot analysis of two correctly
targeted ES cell clones. Genomic DNA was
digested with HindIII and subjected to hybrid-
ization with the cDNA probe containing exons
2 and 3 of lefty2 shown in (A). Hybridizing
fragments of 16, 9.5, and 7 kb represent the
wild-type lefty2 allele, the targeted lefty2 al-
lele, and lefty1, respectively. The loxP-flanked
neo was subsequently excised by crossing
chimeric animals with cre-expressing trans-
genic mice.
(C) Polymerase chain reaction-based geno-
type analysis of pups from a lefty2ASE/ in-
tercross. The primers indicated by the arrows
in (A) detect both the wild-type allele (upper
band) and the ASE allele (lower band).
(D–G) Whole-mount in situ hybridization anal-
ysis of lefty2 transcripts. (D) and (E) are left
lateral views of lefty2ASE/ and lefty2ASE/ASE
embryos, respectively, at E7.0. (F) and (G) are
anterior views of lefty2ASE/ and lefty2ASE/ASE
embryos, respectively, at the four-somite
stage. Arrowheads in (F) indicate lefty2 ex-
pression in the PFP. a, anterior; p, posterior;
l, left; r, right; lpm, lateral plate mesoderm.
vein without its entering into the liver (Figure 2O). Finally, molecular basis of this phenomenon, we examined the
expression of nodal, lefty1, and Pitx2. As in wild-typemalformations characteristic of left isomerism were also
apparent in the liver and spleen. When the normal liver embryos (Collignon et al., 1996; Lowe et al., 1996), the
expression of nodal in the left LPM of lefty2ASE/ em-is viewed from the ventral side, the right medial lobe is
on the right side and the left medial lobe is on the left bryos was transient, being detectable only between the
three- and five-somite stages (Figures 3A, 3C, and 3E). Inside, and between these two lobes is the gall bladder.
The left lateral lobe is located to the left and dorsal to lefty2ASE/ASE embryos, however, nodal expression was
apparent until the eight-somite stage (Figures 3B, 3D,the two medial lobes and contacts the stomach. The
right lateral lobe and the caudate lobe are located on and 3E). The prolonged expression of nodal in the ab-
sence of Lefty2 is consistent with our previously pro-the right side anterior to the right medial lobe (Figure
2D). In contrast, in some (8/50) lefty2ASE/ASE mice, the posed model for nodal-lefty2 regulatory loops (Saijoh
et al., 2000), which predicts that the period of nodalright lateral lobe and the caudate lobe were fused to
form one lobe that resembled the left lateral lobe on the expression should be extended in the absence of the
feedback inhibitor Lefty2.left side (Figure 2J). Whereas the spleen is located on
the left side of the abdomen along the great curvature The expression of lefty1 in PFP was also prolonged
in the lefty2ASE/ASE embryos. As in wild-type embryosof the stomach in wild-type mice, a proportion (8/50)
of lefty2ASE/ASE mice exhibited polysplenia, with one or (Meno et al., 1997), lefty1 was expressed predominantly
in the PFP of lefty2ASE/ embryos, and its expressionmore ectopic small spleens apparent near or distant
from the original spleen (Figure 2N). Such malformations was limited to the three- to five-somite stages (Figures
3F, 3H, and 3J). In lefty2ASE/ASE embryos, however, lefty1in the liver and spleen are often associated with pulmo-
nary left isomerism in humans. expression in the PFP was apparent until the seven-
somite stage (Figures 3G, 3I, and 3J). Thus, increased
Nodal activity and prolonged nodal expression in theProlonged nodal Expression and Bilateral Pitx2
Expression in the Absence of Lefty2 lefty2ASE/ASE embryos appear to result in the upregula-
tion of lefty1.The positional defects exhibited by lefty2ASE/ASE mice
suggested that lefty2 expression on the left side is re- Expression of the homeobox transcription factor gene
Pitx2 is directly induced by Nodal (Shiratori et al., 2001).quired to prevent the right side of viscera from adopting
a morphology typical of the left side. To investigate the The asymmetric expression of Pitx2 begins in the left
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Figure 2. Left Isomerism in lefty2ASE/ASE Neonates
Visceral morphology and heart sections of lefty2/ ([A]–[F]) and lefty2ASE/ASE ([G]–[Q]) neonates were examined. (A) and (G) show a frontal
view of the thorax. Positioning of the great arteries is affected in the lefty2ASE/ASE mouse. ao, aorta; pa, pulmonary artery. Morphology of the
right atrium is shown in (B) and (H); morphology of the left atrium is shown in (C) and (I). The right atrium (ra) of the mutant exhibits the
morphology of the left atrium. (D) and (J) depict liver lobation on the right side. The right lateral lobe (rl) and the caudate lobe (cl) are fused
in the mutant. du, duodenum; st, stomach. (E) and (K) show direction of gut looping. Arrows in (E) indicate the direction of the duodenum in
the wild-type animal. In the mutant, the abnormally looped duodenum occupies the ventral space of the abdominal cavity without crossing
the colon (co). In (M), the apex (ap) of the heart points to the right side (dextrocardia). In (N), in addition to the original spleen located along the
great curvature of the stomach, an ectopic spleen (arrow) is apparent. (O) shows the left-sided inferior vena cava (vc) is connected to the
azygos vein (az) without its entering into the liver. ad, adrenal gland; ki, kidney; sp, spleen. (P) depicts aberrant positioning of the portal vein
(po) in the mutant. The portal vein passes ventral to the duodenum, the opposite side to that apparent in wild-type animals. (F), (L), and (Q)
show frontal sections of the heart. The mutant mice exhibit severe heart malformations, including transposition of the great arteries ([L]) and
double outlet of the right ventricle ([Q]). lv, left ventricle; rv, right ventricle.
LPM at the three-somite stage and continues in the compared with that in wild-type (data not shown) or
lefty2ASE/ (Figure 3K) embryos. The extent of Pitx2 ex-descendents of the left LPM at least until E9.5. In lefty-
2ASE/ASE embryos at the early somite stage, the level of pression was reduced in lefty2ASE/ASE embryos at the
onset of embryonic turning, which coincides with thePitx2 expression in the left LPM was markedly increased
Diffusion of Nodal Signal in the Absence of Lefty2
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Figure 3. L–R Asymmetric Markers in lefty2ASE/ASE Embryos
Expression of nodal ([A]–[D]), lefty1 ([F]–[I]), and Pitx2 ([K] and [L]) was examined at E8.25 in embryos at the four-somite ([A], [B], [F], and [G]),
seven-somite ([C] and [D]), or six-somite ([H], [I], [K], and [L]) stages. The lefty2ASE/ASE embryos are indicated in individual panels. Anterior
([A]–[D], [F], and [G]), left-lateral ([H], [I], and [K]), and posterior ([L]) views are shown.
(A–D) Expression of nodal in the left LPM is prolonged (arrow in [D]) in lefty2ASE/ASE embryos.
(E) The percentages of lefty2ASE/ (black line) and lefty2ASE/ASE (red line) embryos showing nodal expression in the left LPM according to
somite stage; the blue line indicates the percentage of lefty2ASE/ASE embryos that showed bilateral nodal expression in the posterior LPM.
The numbers of embryos examined at each stage are indicated at the top.
(F–I) Expression of lefty1 in the PFP is also prolonged (arrow in [I]) in lefty2ASE/ASE embryos.
(J) The expression kinetics of lefty1 in lefty2ASE/ (black line) and lefty2ASE/ASE (red line) embryos.
(K and L) Expression of Pitx2 is markedly increased and extends to the right side (arrows) in lefty2ASE/ASE embryos. The same level of staining
is detected in the head mesenchyme (hm).
(M) The percentages of lefty2ASE/ASE (red line) and lefty2ASE/ASE, nodallacZ/ (green line) embryos showing bilateral expression of Pitx2 in the
posterior LPM. In the lefty2ASE/ASE, nodallacZ/ embryos, the onset of ectopic expression of Pitx2 in the posterior right LPM was delayed
compared with that in lefty2ASE/ASE embryos.
(N–R) Expression of Pitx2 in transverse sections at E9.5. In wild-type embryos ([N] and [O]), Pitx2 was asymmetrically expressed on the left
side of the common atrial chamber (cac) (arrowhead in [N]), lung bud (asterisk), common cardinal vein (ccv), and dorsal gut mesentery
(arrowhead in [O]). In lefty2ASE/ASE embryos ([P]–[R]), bilateral expression of Pitx2 was apparent in the common atrial chamber (arrow in [P])
and dorsal gut mesentery (arrow in [R]); expression of Pitx2 in the lung bud was not affected (asterisk). fg, foregut; hg, hindgut; l, left; ld, liver
diverticulum; mg, midgut; nt, neural tube; r, right; vc, ventricular chamber; vv, vitelline vein.
time at which nodal expression is terminated. The ex- chamber, common cardinal vein, foregut, lung bud, vitel-
line vein, and dorsal mesentery of the gut (Figures 3Npression of Pitx2 was bilateral in the LPM of lefty-
2ASE/ASE embryos; in particular, ectopic expression was and 3O) (Meno et al., 1998). In lefty2ASE/ASE embryos,
however, Pitx2 was bilaterally expressed in these pri-evident in the posterior and anterior regions of the right
LPM (Figure 3L). We also examined Pitx2 expression at mordial organs, with the exception of the lung buds
(Figures 3P–3R). The morphological defects of lefty-E9.5. In wild-type embryos at this stage, asymmetric
expression of Pitx2 is apparent in many primordial or- 2ASE/ASE mice most likely result from the bilateral expres-
sion of Pitx2, given that the primordial organs that showgans, including the truncus arteriosus, common atrial
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bilateral Pitx2 expression correlate with the organs that Diffusion of Nodal signaling activity was apparent
even in normal embryos at the five-somite stage. Thus,exhibit positional defects at birth. For example, bilateral
Pitx2 expression in the dorsal mesentery may result in whereas nodal expression in the posterior left LPM, as
determined by in situ hybridization (Figure 4A) or by X-galabnormal gut looping. Conversely, our failure to detect
ectopic expression of Pitx2 in the lung buds is consistent staining of embryos harboring the nodal-lacZ transgene
(Figure 4D), did not extend to the midline, expressionwith the apparently normal lung lobation observed in
lefty2ASE/ASE mice. Thus, the phenotype of left isomerism of Pitx2 and Nodal-responsive transgenes reached the
midline (Figures 4G, 4J, and 4M). These observationsapparent in the heart and abdomen of lefty2ASE/ASE mice
is most likely due to bilateral Pitx2 expression during revealed the presence of a gap region at the posterior
end of the left LPM that receives Nodal signaling activityembryogenesis.
but does not express nodal.
At the eight-somite stage, expression of Pitx2, theLong-Range Diffusion of Nodal in the Posterior
lefty2-lacZ transgene, and the (n2)7-lacZ transgene inLPM of lefty2ASE/ASE Embryos
the right LPM had expanded further (Figures 4I, 4L, andWe next compared the expression of nodal, Pitx2, and
4O) in lefty2ASE/ASE embryos. The expression of nodal,Nodal-responsive lacZ transgenes in wild-type and
which was never detected in the right LPM at the five-lefty2ASE/ASE embryos. Comparison of these expression
somite stage (Figures 4B and 4E), was apparent in thisdomains revealed an unexpected feature of Nodal activ-
region at the eight-somite stage (Figures 4C and 4F).ity, an ability to travel over long distances, that was most
The mechanism by which nodal expression begins inapparent in the posterior LPM of lefty2ASE/ASE embryos
the right LPM at this stage is not clear. It is possibleat the five-somite stage.
that nodal expression is inhibited in the right LPM ofBetween the three- and five-somite stages, nodal ex-
the mouse by bone morphogenetic protein (BMP) signal-pression was confined to the left LPM in both wild-type
ing, as previously shown in the chick (Rodriguez-Este-and lefty2ASE/ASE embryos. In normal and lefty2ASE/ASE
ban et al., 1999; Yokouchi et al., 1999). In lefty2ASE/ASEembryos at these stages, nodal mRNA was detected
embryos, this inhibition may be overcome by the autoac-only on the left side; indeed, the nodal expression do-
tivating action of Nodal molecules that have diffusedmain did not even extend as far as the midline (Figures
from the left LPM and accumulated to a high level in4A and 4B). The expression of nodal was also monitored
the right LPM by the eight-somite stage.with the use of a lacZ transgene (3-1) that recapitulates
We also used the nodallacZ allele to monitor nodal ex-the pattern of nodal expression in LPM (Adachi et al.,
pression and to detect a possible genetic interaction1999). Expression of this transgene was again confined
between nodal and lefty2 (Collignon et al., 1996). If theto the left side in both wild-type (Figure 4D) and lefty-
phenotype of lefty2ASE/ASE mice is caused by increased2ASE/ASE (Figure 4E) embryos until the five-somite stage;
Nodal signaling, then nodal heterozygosity may resultthe region of X-gal staining ended near the base of the
in a partial rescue of this phenotype. Indeed, the onsetallantois before reaching the midline.
of ectopic Pitx2 expression in the right posterior LPMAt the same stages, however, the expression of Nodal-
was delayed by a time corresponding to the develop-responsive genes (Pitx2 and two lacZ transgenes) in
ment of two somites in lefty2ASE/ASE, nodallacZ/ embryoslefty2ASE/ASE embryos extended into the right LPM. As
compared with that apparent in lefty2ASE/ASE, nodal/indicated above (Figures 3L and 3M), the Pitx2 expres-
embryos (Figures 3M, 4H, 4L, 4R, and 4S). Furthermore,sion domain had expanded into the right LPM at the
nodal expression (monitored by the activity of the nod-five-somite stage (Figure 4H). The expression of lefty2
allacZ allele) was restricted to the left side, never ex-in the left LPM is directly induced by Nodal, an effect
tending into the right side (Figures 4P and 4Q). In con-that is mediated by the lefty2 ASE (Saijoh et al., 2000);
trast, expression of the lefty2-lacZ transgene extendeda lacZ transgene containing the 7 kb upstream region
into the right LPM of lefty2ASE/ASE, nodallacZ/ embryosof lefty2 that includes the lefty2 ASE recapitulates the
at the five- and eight-somite stages (Figures 4T and 4U),expression pattern of endogenous lefty2 (Saijoh et al.,
although to a lesser degree than the extension apparent1999). The expression of this transgene in the left LPM
in lefty2ASE/ASE, nodal/ embryos (Figures 4K and 4L).of wild-type mice extended to, but never crossed, the
Thus, long-range diffusion of Nodal signaling activitymidline (Figure 4J). In lefty2ASE/ASE embryos at the five-
was also apparent in the posterior LPM of lefty2ASE/ASE,somite stage, however, X-gal staining extended from
nodallacZ/ embryos.the posterior left LPM into the right LPM (Figure 4K).
Finally, we examined the expression of the (n2)7-lacZ
transgene, which contains seven tandem repeats of a Bilateral Distribution of Phosphorylated Smad2
in lefty2ASE/ASE Embryos26 bp FAST binding sequence linked to the hsp promoter
(Saijoh et al., 2000); these binding sites mediate the The Nodal signaling pathway includes FAST and Smad2
or Smad3 as transcriptional components (Saijoh et al.,induction of this transgene by Nodal signaling. Whereas
wild-type embryos at the five-somite stage expressed 1999). By analogy with the TGF- signaling pathway that
also involves Smad2, the binding of Nodal to its receptorthis transgene in the left LPM and its expression bound-
ary reached the midline (Figure 4M), lefty2ASE/ASE em- might be expected to induce phosphorylation of Smad2.
To further support the long-range action of Nodal, webryos at this stage exhibited X-gal staining that ex-
tended into the right LPM (Figure 4N). These results examined the distribution of phosphorylated Smad2
(pSmad2) in mouse embryos by immunohistochemicaldemonstrated that at the five-somite stage, Nodal activ-
ity migrates far from the Nodal-secreting cells in the analysis with antibodies (PS2) specific for a phosphory-
lated form of this protein (Persson et al., 1998).absence of Lefty2.
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Figure 4. Differences in Expression Domains between nodal and Nodal-Responsive Genes
Gene expression was detected by in situ hybridization for nodal ([A]–[C]) and Pitx2 ([G]–[I], [R], and [S]), or by X-gal staining for the transgenes
nodal-lacZ ([D]–[F]), lefty2-lacZ ([J]–[L], [T], and [U]), and (n2)7-lacZ ([M]–[O]); X-gal staining of lefty2ASE/ASE, nodallacZ/ embryos is shown in (P)
and (Q). Genotype and somite stage of all embryos is indicated, and posterior views are shown in all panels. The embryo shown in (I) is at
the six-somite stage. Arrows indicate the front edge of ectopic expression on the right side. Expression of nodal in the left posterior LPM
extends to the left lateral side of the base of the allantois ([A] and [D]), whereas the expression of Pitx2, lefty2-lacZ, and (n2)7 -lacZ extends
farther toward the midline ([G], [J], and [M]). (B), (E), (H), (K), and (N) show that although nodal expression is restricted to the left side at the
five-somite stage, the expression of Pitx2, lefty2-lacZ, and (n2)7-lacZ extends to the right side. In (I), (L), and (O), the ectopic expression on
the right side has farther extended at the eight-somite stage. (C) and (F) show that at the eight-somite stage nodal expression is apparent in
the right posterior LPM, but it is not observed at the base of the allantois (arrowhead). In (P)–(U), expression of nodal is restricted to the left
side, and the extension of Pitx2 and lefty2-lacZ expression into the right side is reduced. The embryos shown in (T) and (U) each possess
two different lacZ genes, the lefty2-lacZ transgene and the nodallacZ allele. The X-gal staining shown represents expression of the former,
because it gives rise to a level of lacZ expression much greater than that of the latter and because these embryos were stained for only 1 hr
(staining for 15 hr is required to detect expression of the nodallacZ allele). l, left; r, right.
In wild-type embryos at the early somite stage, pSmad2 was undetectable in the LPM at the two-somite
stage, being first detected in the distal portion of thepSmad2 was detected in nuclei of cells in the left LPM
(Figures 5A, 5C, and 5E). However, the phosphorylated left LPM at the three-somite stage (data not shown). At
the four-somite stage, immunoreactivity had expandedform of Smad2 appeared to exist only transiently. Thus,
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Diffusion of Nodal Signaling Activity in the Anterior
LPM of lefty2ASE/ASE Embryos
Diffusion of Nodal signaling activity was also apparent
in the anterior region of the LPM, the future cardiac
region. At the five- to six-somite stage, expression of
nodal (as monitored by the nodal-lacZ transgene) was
apparent in the left dorsal wall of the pericardiac cavity
and the left dorsal mesocardium in both wild-type and
lefty2ASE/ASE embryos, as well as on the dorsal side of
the primitive heart tube in the mutant embryo (Figures 6A
and 6B). At the same stage, the lefty2-lacZ expression
domain in wild-type embryos extended beyond that of
nodal-lacZ to the left dorsal and left lateral side of the
primitive heart tube (Figure 6C). In the absence of Lefty2,
nodal-lacZ expression was also detected on the dorsal
side of the primitive heart tube (Figure 6B), and the
lefty2-lacZ expression domain extended farther to the
left ventral side of the primitive heart tube (Figure 6D).
These results again suggested that Nodal activity dif-
fuses over a long distance in the anterior LPM.
At the eight-somite stage, the left side of the bulbus
cordis and left dorsal side of the ventricular chamber
had begun to express nodal-lacZ in wild-type embryos
(Figure 6E). The expression of both Pitx2 and lefty2-lacZ
was also apparent in these same domains (Figures 6G
and 6I). In lefty2ASE/ASE embryos at this stage, nodal
expression expanded to both sides of the bulbus cordis
(Figure 6F). Furthermore, both lefty2-lacZ and Pitx2 were
also bilaterally expressed in the bulbus cordis (Figures
6H and 6J). In some mutant embryos, Pitx2 was ectopi-
cally expressed on the right side of the sinus venosusFigure 5. Bilateral Distribution of pSmad2 in the Absence of Lefty2
and vitelline vein (Figure 6L), whereas nodal was notImmunohistochemical staining of wild-type ([A]–[G]) and lefty-
2ASE/ASE ([H]) embryos was performed with antibodies to the phos- expressed at these sites (data not shown), again sug-
phorylated COOH-terminal region of Smad2. Embryos in (A), in (B), gesting long-range diffusion of Nodal signaling activity.
and in (G) and (H) are at the four-, five, and six-somite stages,
respectively. Transverse sections are shown. (C)–(F) show magnified Discussion
views of the regions indicated in (A). (A), (C), and (E) show the four-
somite stage, where specific staining is apparent in the nuclei of
Lefty2 Acts as a Feedback Inhibitor of Nodalthe splanchnic (sp) and somatic (so) mesoderm on the left side. In
Signaling During Establishment of the L–R Axisthe left posterior region, the presomitic mesoderm (pre) is also
stained ([E]). In (B), phosphorylated Smad2 has disappeared at the Both nodal and lefty2 participate in positive and negative
five-somite stage. (H) shows that in the lefty2ASE/ASE embryo, regulatory loops, in which Nodal induces its own expres-
pSmad2 persists in the left LPM (arrows) and is also present ectopi- sion through the nodal ASE as well as that of lefty2
cally in the posterior right LPM at the six-somite stage (arrowheads). through the lefty2 ASE; the Lefty2 protein so produced
hg, hindgut diverticulum; l, left; r, right.
then blocks Nodal signaling and rapidly terminates the
expression of both nodal and lefty2. Our observations
with lefty2ASE/ASE mice now establish that the same regu-
to encompass the entire region of the left LPM. The latory relations between nodal and lefty2 exist during
specific signal had disappeared, however, from the left mesoderm formation and L–R patterning. First, the cur-
LPM at the five- and six-somite stages (Figures 5B and rent model predicts that nodal expression should be
5G). This pattern of staining obtained with the PS2 anti- prolonged and expanded in the absence of Lefty2. In
bodies matches perfectly the expression pattern of lefty2ASE/ASE embryos, nodal expression was indeed
nodal, consistent with the notion that phosphorylation prolonged in the left LPM and expanded into the anterior
of Smad2 is indeed triggered by Nodal. portion of the LPM. Second, pSmad2, which normally
We next examined the distribution of pSmad2 in lefty- exists only transiently, also persisted for a longer time
2ASE/ASE embryos. In contrast to its transient existence in the LPM of lefty2ASE/ASE embryos. And third, the level
in normal embryos, pSmad2 persisted in the LPM of the of Pitx2 expression was increased in the LPM of lefty-
mutants at least until the six-somite stage (Figure 5H). 2ASE/ASE embryos. These results indicate that as pre-
Furthermore, pSmad2 was also detected in nuclei of dicted, the positive loop of Nodal signaling is protracted
cells in the right posterior LPM at the five-somite (data in the absence of Lefty2.
not shown) and six-somite (Figure 5H) stages, a time at The expression of nodal in lefty2ASE/ASE embryos, al-
which nodal expression is still confined to the left LPM though prolonged, eventually disappeared at the eight-
(Figure 4B). These results further support the notion that somite stage. Thus, in addtion to that mediated by
Nodal activity migrates over a long distance, from the Lefty2, other mechanisms that terminate nodal expres-
sion must operate at this stage. Theoretically, nodalleft LPM to the right side, in the absence of Lefty2.
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Figure 6. Bilateral Expression of Nodal-
Responsive Genes in the Cardiac Region of
lefty2ASE/ASE Embryos
Embryos of the indicated genotypes and de-
velopmental stages were subjected to X-gal
staining for detection of the expression of the
nodal-lacZ ([A], [B], [E], and [F]) and lefty2-
lacZ ([C], [D], [G], and [H]) transgenes and
to in situ hybridization for detection of Pitx2
transcripts ([I]–[L]). Embryos were trans-
versely sectioned, and the cardiac region is
shown.
(A and B) At the six-somite stage, X-gal stain-
ing of nodal-lacZ expression is apparent in
the left dorsal wall of the pericardiac cavity
in both wild-type and lefty2ASE/ASE embryos,
as well as on the dorsal side of the primitive
heart tube (arrow in [B]) in the mutant
embryo.
(C) At this same stage, lefty2-lacZ expression
extends to the left dorsal and left lateral sides
of the primitive heart tube in the wild-type.
(D) The expression of lefty2-lacZ is expanded
to the left ventral side of the primitive heart
tube (arrow) of the mutant embryo.
(E–J) Pitx2 transcripts and X-gal staining for
nodal-lacZ and lefty2-lacZ expression are re-
stricted to the left side of the bulbus cordis at
the eight-somite stage in wild-type embryos,
but they are also apparent on the right side
of the bulbus cordis (arrows in [F], [H], and
[J]) in lefty2ASE/ASE embryos.
(K and L) Pitx2 expression is extended to the
right side of the sinus venosus and vitelline
vein (arrow in [L]) in the lefty2ASE/ASE embryo.
l, left; r, right.
expression should cease when any of the components Such an enhancer might be either Nodal responsive or
nonresponsive.of the Nodal signaling pathway either disappear or are
inactivated. One candidate for such a component is
FAST (FoxH1), whose expression is terminated around Regulation of nodal Is More Complex Than
that of Other Nodal-Responsive Genesthe eight-somite stage (Weisberg et al., 1998; Saijoh et
al., 2000). Asymmetric expression of each of nodal, lefty2, and
Pitx2 is regulated by an ASE (Adachi et al., 1999; NorrisThe expression of lefty1 in the PFP was also upregulated
in lefty2ASE/ASE embryos. Conversely, embryos deficient and Robertson, 1999; Saijoh et al., 2000; Yashiro et al.,
2000; Shiratori et al., 2001). Given that these ASEs pos-in the Nodal coreceptor Cryptic lack lefty1 expression in
the PFP (Yan et al., 1999). These observations suggest sess multiple FAST binding sequences that function as
Nodal-responsive elements, nodal, lefty2, and Pitx2 canthat lefty1 expression in the PFP is induced directly or
indirectly by Nodal. Considering the long-range-acting be regarded as Nodal-responsive genes. However, the
regulation of nodal expression appears more complexnature of Nodal, it may be that the Nodal protein pro-
duced in left LPM travels to the PFP and induces lefty1 than does that of the other two genes. This difference
is most marked in the posterior region of the left LPMexpression there. In the absence of Lefty2 in left LPM,
a higher level of Nodal activity may reach the PFP and in normal embryos. Whereas the expression of lefty2,
the lefty2-lacZ transgene, Pitx2, and the (n2)7-lacZ trans-upregulate lefty1 expression. Analysis of the transcrip-
tional regulatory elements of lefty1 should clarify the gene extends to the midline, nodal expression does not.
This situation results in the creation of a gap region thatcontribution of Nodal signaling to lefty1 regulation.
Lefty (Antivin) participates in the generation and pat- receives Nodal signaling activity but does not express
nodal.terning of mesodermal cells by acting as an antagonist
of Nodal (Bisgrove et al., 1999; Meno et al., 1999; Cheng A likely explanation for this apparent discrepancy is
that the gap region of the posterior LPM lacks a signalinget al., 2000). If Lefty2 acts as a feedback inhibitor of
Nodal during gastrulation as it does during L–R pat- component specifically required for nodal expression.
Alternatively, nodal (but not lefty2 and Pitx2) may underterning, then lefty2 expression in the nascent mesoderm
should be induced by Nodal. However, deletion of the negative control in the gap region. Negative control of
nodal in the gap region may be mediated by BMP signal-lefty2 ASE did not affect lefty2 expression in the poste-
rior mesoderm during gastrulation. An additional en- ing, as previously proposed by others (Rodriguez Es-
teban et al., 1999; Yokouchi et al., 1999). Consistenthancer (or enhancers) that supports lefty2 expression
must therefore be operative in the nascent mesoderm. with this proposal, targeted disruption of Smad5, which
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Figure 7. Model for Diffusion of Nodal and
Lefty2 and Regulation of nodal and Nodal-
Responsive Genes
A model showing how Lefty2 prevents diffu-
sion of Nodal activity. In this model, Lefty2
would restrict the range of Nodal signaling by
a combination of three mechanisms: (1) an
ability of Lefty2 to diffuse faster than Nodal,
(2) the presence of the gap region, and (3)
restriction of nodal expression by Lefty2.
Cells in the posterior LPM are shown as hori-
zontally aligned blocks. The vertical line
(brown) is the midline. Blue and pink lines
indicate the concentrations of Nodal and
Lefty2, respectively, along the LPM. Hori-
zontal bars below indicate expression do-
mains of nodal (blue) and Nodal-responsive
genes such as lefty2 (pink) and Pitx2 (yellow).
Expression of nodal extends from the left to
the right side of the figure. Two cells (dark
green) on the left and close to the midline of
the wild-type embryo at the five- to six-somite
stage respond to Nodal and express lefty2 and Pitx2 but do not express nodal. The presence of this expression gap and a difference in
diffusion rate between Lefty2 and Nodal allow Lefty2 to diffuse over a longer distance than does Nodal. As a result, the right side is occupied
by Lefty2 at the five- to six-somite stage, which prevents nodal and lefty2 expression on the right side. In the lefty2ASE/ASE embryo, the
concentration of Nodal is increased on the left side, and the protein diffuses to the right side, where it induces the expression of Nodal-
responsive genes. See text for further details.
encodes a transducer of BMP signaling, results in bilat- the organizer (Gritsman et al., 2000). However, lefty (anti-
vin) is also expressed where Xnr2 or cyclops is ex-eral nodal expression in the LPM (Chang et al., 2000).
pressed. Long-range action of Nodal may thus not beIn lefty2ASE/ASE embryos, ectopic nodal expression is
apparent in the presence of Lefty (Antivin).not apparent until the five- to six-somite stage, and it
Morphological features of embryos at the early somiteappears in the anterior and posterior regions of the LPM
stage may facilitate the diffusion of Nodal. Nodal mightat the eight- to nine-somite stage. The mechanism re-
thus migrate through the extraembryonic celomic cavitysponsible for this ectopic expression is not clear. It is
between the somatic mesoderm and splanchnic meso-possible that the Nodal molecules that have diffused to
derm. Furthermore, formation of the hindgut diverticu-the right LPM accumulate to a sufficient level by the
lum, which starts at the five- to six-somite stages, resultseight- to nine-somite stage to overcome the negative
in the direct connection of the left and right sides of theregulation by BMP signaling.
embryo in the posterior region and should therefore
allow Nodal to diffuse from the left side to the right side
in the absence of Lefty2. In the anterior region, left andNodal Is a Long-Range Signaling Molecule
right cardiac precursors fuse at the midline to form theIn lefty2ASE/ASE embryos, Nodal signaling activity ex-
cardiac tube. Given that nodal expression is upregulatedtends to the right posterior side at a time when nodal
and prolonged in lefty2ASE/ASE embryos, it is likely thatexpression itself is restricted to the left side. Thus,
Nodal is produced on the left side of the cardiac primor-Nodal-responsive genes (including Pitx2) are bilaterally
dium. Nodal protein secreted into the pericardial andexpressed in the posterior LPM. The (n2)7-lacZ trans-
intraembryonic celomic cavities may travel to the bulbusgene, the expression of which is regulated only by FAST
cordis, atrium, and vitelline vein and there induce ec-binding sites, was expressed in the right posterior LPM.
topic expression of Pitx2.Furthermore, phosphorylation of Smad2 occurred ec-
topically in the right posterior LPM. These observations
indicate that Nodal molecules produced in the left LPM Lefty2 Restricts the Range of Nodal Signaling
diffuse to the right side in the absence of Lefty2. Diffu- lefty1 mutants exhibit ectopic expression of lefty2 and
sion of Nodal signaling activity was also apparent in Pitx2 in the anterior-distal portion of right LPM (Meno
normal embryos. In the posterior region of the left LPM, et al., 1998). Therefore, Lefty1 in the PFP acts as a barrier
nodal expression never reached the midline, whereas in the anterior-distal region of the midline (but not in the
expression of Nodal-responsive genes such as Pitx2, region posterior to the node). In lefty2ASE/ASE embryos,
lefty2-lacZ, and (n2)7-lacZ extended to the midline. Thus, on the other hand, expression of lefty2-lacZ and Pitx2
Nodal itself is a long-range signaling molecule, but the spreads beyond the anterior and posterior ends of left
range of its action is restricted by Lefty2 in wild-type LPM and gradually extends to the right LPM (ectopic
embryos. expression of Pitx2 does not take place in the anterior-
In Xenopus, Xnr2, one of the Nodal-related proteins distal region of right LPM because Lefty1 is present in
in this genus, is thought to act at short range (Jones the PFP). Thus, Lefty2 appears to act as a barrier at the
et al., 1996). In zebrafish, Nodal-related proteins also anterior and posterior ends of left LPM, preventing the
diffusion of Nodal activity to the right LPM.appear to function over a short range during patterning
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TACTCAGAGCAGA; the wild-type and excised alleles yield frag-How can Lefty2 prevent diffusion of Nodal activity?
ments of 700 and 300 bp, respectively.There is no evidence for a physical interaction between
Nodal and Lefty2, rendering it unlikely that Lefty2 inhibits
Whole-Mount In Situ Hybridizationthe diffusion of Nodal by direct binding. However, one
Whole-mount in situ hybridization was performed according to a
can envisage several mechanisms which are not mutu- standard procedure. The following probes were used in this study:
ally exclusive (Figure 7). First, Lefty2 restricts the dura- lefty1, lefty2 (Meno et al., 1997), nodal (Lowe et al., 1996), and Pitx2
tion and the level of nodal expression. In normal em- (Yoshioka et al., 1998). Genomic DNA isolated from the yolk sac
was used for genotype analysis of embryos. For sectioning after inbryos, nodal expression is rapidly terminated by Lefty2
situ hybridization, embryos were refixed with 4% paraformaldehydewhen the expression of both genes spreads over the
in phosphate-buffered saline, dehydrated, and embedded in Para-entire left LPM. The transient nature of nodal expression
blast (OXFORD Labware). Sections were prepared with a thickness
likely restricts the amount of Nodal available for diffu- of 7 m.
sion. In lefty2ASE/ASE embryos, however, nodal expres-
sion in the left LPM is prolonged by the time required Immunohistochemistry
for the development of three somite pairs, thereby in- After fixation with 4% paraformaldehyde in phosphate-buffered sa-
line, embryos were exposed to increasing concentrations of sucrosecreasing the abundance of Nodal in the extracellular
and then embedded in OCT compound. Cryosections were preparedspace and promoting its diffusion to the right side. This
at a thickness of 7 m and placed on albumin-coated glass slides.notion is supported by the observation that heterozy-
Immunostaining was performed with rabbit polyclonal antibodies
gosity for nodal reduced the extension of the expression (PS2) generated in response to the phosphorylated COOH-terminal
of Nodal-responsive genes into the right side in the region of Smad2 (Persson et al., 1998) and with an ABC–horseradish
absence of Lefty2. peroxidase system (VECTOR Laboratories).
Second, Lefty2 protein may diffuse more efficiently
than does Nodal (Figure 7). The expression of lefty2 in Acknowledgments
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